Introduction
The extensive and intensive forest monitoring (Level I and Level II) of ICP Forests (International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests of the United Nations Economic Commission for Europe) serve to examine the effects of air pollution and other stress factors on the condition of forests (Lorenz et al. 2004) . The vitality of the trees is one of the most important indicators of forest condition (Innes 1993) . Several definitions of tree vitality can be found in the literature (Gehrig 2004 , Brang 1998 , Shigo 1990 ). As vitality cannot be measured directly, various indicators can instead serve to describe vitality (Gehrig 2004) . Next to the assessments of biochemical indicators at plant cell level (Larcher 2001) , field practical methods are of great importance in long-term monitoring. Field methods include crown foliage or transparency assessments (Eichhorn et al. 2004) , crown morphology (Roloff 1987) , tree stem growth measurements (Waring et al. 1980) , nutrient content analysis of needles (Stefan et al. 1997) or sapwood (Joos 1997) , electric cambial resistance (Kucera 1986) , needle size or shape (Kozlov and Niemela 1999) , chlorophyll fluorescence (Lichtenthaler and Rinderle 1988) or luminescence analysis (Schmidt and Schneckenburger 1992) , needle emission analysis (Lewinsohn et al. 1991, Abeles and Abeles 1972) and electric potential (Goldstein and Gensler 1981) .
Objectives
One of the aims of forest growth assessment on Level II plots is to estimate the response of individual tree and stand growth to environmental factors (Dobbertin 2000) . The main objective of this review is to evaluate the usefulness of growth measurements as indicators of either the vitality status of trees or the stress trees are subjected too. I will give special emphasis to the growth variables assessed in the intensive monitoring plots (Level II) of the ICP Forests Programme. I also examine how growth relates to the variable tree crown transparency or defoliation, which is currently the main indicator of tree vitality used in the monitoring programme, and if both variables could complement each other. I will first propose a definition of tree vitality and stress. I will briefly discuss various indicators for tree vitality and present tree growth variables as assessed on the Level II monitoring plots. Then I will review studies of stem growth as indicator of trees with assumed reduced vitality, affected by stress or disease (evaluated against reference growth), and illustrate the findings with examples from Swiss Level I and II plots. Finally, I will make a suggestion for the use of growth or additional indicators of tree vitality.
Definitions and indicators of tree vitality

Definitions of vitality and stress
The vitality of a plant is a theoretical concept. Random House Webster's College Dictionary (1992) defines vitality as 'the capacity for survival, power to live or grow', while Merriam-Webster's Collegiate Dictionary (1994) defines it as 'the capacity to live and develop' and the American Heritage College Dictionary (1993) as 'the capacity to live, grow or develop'. Shigo (1990) distinguishes between 'vigour' as 'the capacity to resist strain; a genetic factor, a potential force against any threats to survive' (cannot be changed) and 'vitality' as 'the ability to grow under the conditions present' (dynamic action). Brang (1998) defines vitality as 'the capacity of an organism to assimilate carbon, to resist stress, to adapt to changing environmental conditions and to reproduce'. Gehrig (2004) on the other hand, sees plant vitality in a triangle between 'stress tolerance', 'longevity' and 'growth and reproduction'.
Important for the assessment of tree vitality is to assess the effect of external stress because the resistance to stress is an important criterion in all vitality concepts (see above). Larcher (2001) defines stress as a significant deviation from the condition optimal for life. Vitality becomes weaker as stress persists. Larcher's definition distinguishes between stress as the action leading to the deviation from the plant condition optimal for life, and 'stressed' or 'under stress' as the condition of the organism following the stress action. In the following I will also use stress as the action and not the status of the plant.
Stress leads to a phase of immediate reaction usually followed by a recovery phase. Various authors have depicted the effects of stress and the response of the plant as a function of time ( Fig. 1 adapted from Gehrig 2004 , Larcher 2001 , Pedersen 1998a , 1998b , Manion 1981 . Overcoming stress, either by increased plant efforts to repair damage or by increased resistance to further stress, results in change in carbon allocation (Waring 1987) . If stress continues, the capability of a tree to overcome further stress or to survive diminishes, i.e. vitality decreases (see Fig. 1 ). At a certain point irreversible damage or tree death occurs. Manion (1981) developed a tree decline concept of predisposing, inciting and contributing stress factors which in combination lead to tree decline. Pedersen (1998b) argues that predisposing stress and inciting stress alone can lead to subsequent decline of tree vitality up to tree death.
Unfortunately, the hypothetical optimal tree vitality is not known (Fig. 1) . Only tree death, the minimum tree vitality, can in most cases clearly be identified. Therefore, only changes in certain indicators of tree vitality can be observed (Fig. 1) . During a stress the tree reacts to it (Fig. 1 , cases 1-3, reaction phase, Larcher 2001) . When the stress continues the tree adapts (restitution and hardening phase) and can reach either lower levels of stress resistance (Fig.1 , case 2 b) identical levels of resistance (case 1) or even higher levels than before the stress (Fig.1, case 2 a) , adjustment phase, see also Kozlowski and Pallardy 2002) . If the stress persists over a long time or if a second stress occurs the tree may fall below a resistance threshold where irreversible damage occurs (Fig. 1, case 3 , exhaustion phase, Larcher 2001). Permanent damage may mean a lower level of vitality or tree status or may mean that no recovery is possible (Pedersen 1998a (Pedersen , 1998b . The difficulty in field studies is first to identify and measure the suitable indicator of vitality, second to assess the strength and duration of the stress and third to determine the absolute or relative level of the vitality indicator (Fig. 1) . As the absolute level of vitality can usually not be determined from the indicator, a relative value is commonly used.
Indicators of tree vitality and reactions to stress
If tree vitality is assessed in the forest, field-practical and cost-effective methods are needed. Biochemical indicators on the plant cell level such as phytohormones or enzymes may best reflect the reaction of trees to various environmental stresses (Larcher 2001) . Unfortunately many such indicators cannot readily be extracted in the field or are very expensive. Gehrig (2004) analyzed several indicators for Norway spruce (Picea abies Karst. L.), such as transparency assessments, needle length, luminescence, needle odour emissions, cambial electric resistance and electronic potential. He compared the variables with each other and evaluated their practicability. He found that needle length, although useful to distinguish between fertilized and non-fertilized plots (Flu¨ckiger and Braun 1995) , was not well correlated with crown transparency, and varied highly between sites. Luminescence analysis was difficult to calibrate and cost-intensive for field assessments. Electric potential measurements were highly influenced by soil water and weather conditions. In addition to crown transparency assessments Gehrig recommended to use electric cambial resistance and needle emission analysis as additional stress indicators in the field. Gehrig did not evaluate tree growth.
As summarised by Kozlowski and Pallardi (1996) , the requirements for tree growth are carbon dioxide, water, and minerals for raw materials, light as energy resource, oxygen, and favourable temperature for growth processes. The capacity for photosynthetic processes (i.e. foliar biomass) and the competition for resources are constraining tree growth. Tree growth processes can be ranked by order of importance in foliage growth, root growth, bud growth, storage tissue growth, stem growth and growth of defence compounds, and reproductive growth (Waring 1987) . Under stress the photosynthesis and the subsequent carbon allocation of a tree may be altered in a way that the less important processes including stem growth are reduced first. Stress factors may either affect the photosynthetic processes directly (for example defoliation by insects or damage of foliage due to frost or air pollution) or indirectly via reduced resources (for example reduced water supply during drought, reduced nutrient uptake due to root damage or nutritional imbalance due to high acidic or N deposition).
Studies by Eckmu¨llner et al. (1988) and Kramer and Dong (1985) found close correlation between stem volume growth and needle mass. Foliage amount has also been found to correlate well with sapwood area at breast height or crown base (Waring et al. 1981) , or with the sapwood area without the latewood (Eckmu¨llner and Sterba 2000) . Decreasing rate of dry biomass growth with age has commonly been attributed to an increase in respiring tissue in proportion to photosynthetic tissues (Kozlowski and Pallardi 1996) . Also, both stand leaf area index and individual tree foliage decline with age (Mitscherlich 1978) . Stress such as high competition for light and resources may alter the relationship between sapwood area and foliage mass (Waring 1987 ). Shortterm stress could therefore be estimated in the deviation of sapwood area to basal area ratios or basal area growth to sapwood area ratios (Eckmu¨llner and Sterba 2000 , Waring et al. 1981 , 1980 . Maguire and Kanaskie (2002) related crown length to sapwood area ratios corrected for stand density and age to Douglas fir stands infected by Swiss needle cast. If sapwood area is not known, the ratio of basal area growth to basal area may be used as vitality indicator Bugmann 2004, 2003) .
As destructive assessment of tree foliage is rarely feasible, visual assessment of tree crowns and classification into transparency or defoliation classes has become a standard procedure in many parts of the world , Hall 1995 , Burkman and Hertel 1992 . Crown transparency can be obtained costeffectively and relatively fast in field surveys. However, due to the subjectivity of the assessment, intense training courses and repeated control assessments are necessary (Wulff 2002 , Solberg and Strand 1999 , Dobbertin et al. 1997 , Strand 1996 . Crown transparency assessment has been criticized because it is highly subjective, because no absolute reference is known and instead often only site specific reference trees were used, and because transparency is not cause-specific (Ellenberg 1994 , Innes 1993 .
Tree growth
Tree growth measured within ICP Forests Currently, the following parameters for tree and stand size and its changes are monitored at 5-year intervals on all intensive monitoring sites in Europe (Dobbertin Fig. 1 Schema of tree vitality and the impact of stress, freely adapted from Gehrig (2004) , Larcher (2001) , Pedersen (1998a ), Manion (1981 2004). Tree stem diameter (at least two perpendicular measurements required) or circumference at breast height is measured on all trees above the diameter limit, and tree height on at least a subsample of the trees. Crown size measurements have until now been optional. Guidelines for non-destructive continuous stem growth measurements, as well as for destructive measurements such as tree cores and stem disks in the buffer zone of the plots are also provided in the manual of ICP Forests (Dobbertin 2004) . Annual or continuous stem circumference measurements on a subsample of trees or plots are also recommended and described in the manual, and are assessed in some countries. In some countries, such as Switzerland, stem diameter and tree height or crown measurements are also recorded on the extensive Level I monitoring network (Dobbertin, 1996) .
Finding the right reference tree growth
Any indicator of tree vitality in field studies needs to be defined against a reference because maximal or optimal vitality is not known. For crown transparency the reference is either an ideal tree with optimal foliage (absolute reference tree) or the tree with lowest transparency found under the local growing conditions (local reference tree, Eichhorn et al. 2004) . For tree growth the question is similar: trees that are assumed vital or trees with assumed optimal growth may be used as a reference for growth. In tree growth models, commonly, opengrown trees are used as a reference to test for tree competition Dobbertin 1995, 1992) . Similarly, trees with lowest crown transparency can be used as reference (Solberg 1999) . As tree survival can be seen as the ultimate indicator of vitality, the growth of trees that have died can be compared with that of surviving trees (Bigler et al. 2005 , Pedersen 1998a . Also growth of trees with and without a disease or known stress can be compared (Cherubini et al. 2002, Standovar and Somogyi 1998) . In some cases the growth of trees before, during and following a stress are compared and the change is used as vitality or mortality indicator (Bigler et al. 2005 , Pedersen 1998b . And finally, the difference or residual of tree growth against mean growth or modelled growth of a population can be used to estimate the effect of environmental conditions on growth (Spitzbart and Sterba 2004, Solberg et al. 2004 ).
Recent Findings
Comparing growth of assumed vital individuals with assumed non-vital individuals Several authors could show that crown transparency correlates with subsequent tree mortality (Dobbertin and Brang 2001 , Schmid-Haas 1993 , Neumann and Stemberger 1990 . Using data on Swiss Level I plots for the period 1990 to 1997 Dobbertin and Brang (2001) found that next-year mortality rate increased exponentially with transparency. However on these plots, intermediate and suppressed trees in low transparency classes had a 10-times higher chance of dying than dominant and co-dominant trees in the same transparency classes, indicating a higher stress due to higher competition ( Fig. 2) . In higher transparency classes these differences diminished.
Based on crown transparency as indicator, many studies have grouped trees into vitality classes and tested the growth differences between the classes (Becker et al. 1990 , Spelsberg 1988 , Dong and Kramer 1987 , Scho¨pfer and Hradetzky 1986 , Kenk 1983 . In the early years of the 'forest decline research' most of these studies used one-time crown assessments and retrospective tree-ring analysis. While many of these studies showed decreased growth with higher crown transparency, others could not find such a relation (Bjo¨rkdahl and Eriksson 1989 , Lorenz and Eckstein 1988 , Eichkorn 1985 , Pretzsch 1985 . The problem was that no past crown transparency assessments were available. Meanwhile, monitoring data on growth and annual crown transparency estimates of trees have become available and can be compared. Solberg (1999) demonstrated that relative growth (i.e., growth of undefoliated trees was set to 100%) and defoliation of Norway spruce on permanent monitoring plots in Norway showed a linear decrease of growth with transparency. Similar results were found in the European Level II network (Dobbertin et al. in Lorenz et al. 2004 ).
In Figure 3 examples are given for Swiss Level II plots. Growth is computed as the annual basal area growth in percent of the original basal area at the beginning of a three-or four-year growth period. Each tree was allocated to a 10-% transparency class based on its mean transparency during the growth period. Each plot had more than 800 assessed co-dominant or dominant trees and at least 20 trees in a minimum of four transparency classes. Basal area growth of four conifer species (Norway spruce, Scots pine (Pinus sylvestris L.), silver fir (Abies alba Mill.) and mountain pine (Pinus mugo var. uncinata) is almost linearly related to crown transparency (Fig. 3a) . For the mountain pines in the Swiss National park the cause of high transparency is assumed to be root rot , Cherubini et al. 2002 . For the other sites no specific causes for higher transparencies are known. Interesting to note is the increased growth percentage with decreasing altitude. The three deciduous broadleaved species (Common beech (Fagus sylvatica L.), Turkey oak (Quercus cerris L.), European hornbeam (Carpinus betulus L.) the relationship is weaker (Fig. 3b) . For the displayed Common beech and Turkey oak sites decreased tree growth began with transparencies above 25%, while for European hornbeam only the trees with lowest transparency grew more than the others. However, this stand is a former coppice forest with little or no management, and the degree of competition seems to be the dominating factor for tree growth differences. It should also be noted that most beech sites in Switzerland showed little variability in transparency. For European Level II plots growth decreases for beech were clearly correlated with transparency, but the slope was less steep than that found for Norway spruce (Dobbertin et al. in: Lorenz et al. 2004 ).
Comparing growth of trees that have died with those that survived
The ultimate indicator of tree vitality is its capacity to survive stress. Various tree mortality prediction models include variables such as tree competition, tree size, tree vitality or tree growth (Monserud and Sterba 1999 , Dobbertin and Biging 1998 , Dursky 1997 . Recently models have been developed to assess the probability of tree mortality based on tree-ring width (Bigler et al. 2005 , Pedersen 1998a , 1998b . Pedersen (1998b) used time series regression analysis and intervention models for tree rings of living and dead oaks to test for basal area growth difference prior and following possible intervention years, such as drought. Pedersen (1998a) applied a process-based model (Bossel 1986 ) to the same data to predict tree mortality. Bugmann (2004, 2003) fitted a logistic regression model to dead and living Norway spruce in Switzerland using the log-transformed basal area increment in percentage of the total basal area and the slope of the log-transformed basal area growth of the previous five years. They achieved high prediction accuracy for spruce where competition was the dominant cause for mortality. In a similar study used the same model for dead, declining and nondeclining silver firs in Slovakia as judged by their crown condition in 1988. They showed that declining trees had higher probability to die than non-declining trees. In another study Bigler et al. (2005) demonstrated that reoccurring drought, as judged by a drought stress indicator, correlated well with modelled mortality probability for Scots pines in a dry inner-alpine Swiss valley.
For long-term growth and yield plots in the Black Forest, Germany, Spiecker (1990) found good correlation between computed 5-years drought stress (precipitation minus computed potential evapotranspiration) and tree growth of Norway spruce and silver fir as well as tree mortality. Tree growth, measured on the research plots, decreased and mortality, assessed on all public land, increased following above average drought stress. Even at high altitude (1000 m a.s.l.), believed to receive sufficient precipitation, drought seemed to reduce stem growth (Spiecker 1990 (Spiecker , 1995 .
At the Swiss Level II site 'Visp' (a dry site in the Swiss Rhone Valley) very high Scots pine mortality has been observed since the plot was installed in 1996 (Rebetez and Dobbertin 2004) . The exact causes for this decline are not yet known, but droughts in the years 1996, 1998, 2000 and 2003 were found to be inciting factors (Bigler et al. 2005) . Of all dominant and co-dominant trees that were alive at the time of the second measurements in late winter 1999/2000, basal area increment (BAI) for the years 1996-1999 was computed as the percentage of the basal area in 1996. Until summer 2003 31 trees had died and between summer 2003 and summer 2004 another 58 trees died. Trees that died before 2003 had significantly reduced stem growth (7.3% BAI versus 12.2% of the alive trees), while trees that died four years later, following the drought of 2003, displayed no differences in growth (12.3%, Table 1 ). Four-year tree growth was thus a good indicator of the drought stress that occurred during or at the end of the measurement period, but could not determine if trees were predisposed to die following the next severe drought. Bigler et al. (2005) concluded for data from the same region that in addition to growth level a variable describing the most recent growth trend is needed to adequately describe the tree mortality risk.
Comparing growth of trees under stress with those not under stress
The effect of stress on trees can also be evaluated by comparing trees under stress (with a disease for example) with those which are not diseased or under stress (Cherubini et al. 2002 , Standovar and Somogyi 1998 , Rosso and Hansen 1998 , Schmid-Haas et al. 1997 , Waring et al. 1992 ). Standovar and Somogyi (1998) compared stem growth of symptomatic and asymptomatic sessile oak (Quercus petrea (Matt.) Liebl.) in a forest in Hungary affected by oak decline. Growth of seriously declining trees was reduced to almost half of the growth of healthy trees. However, incidence of oak decline and mortality was higher on more fertile sites with higher tree growth. Rosso and Hansen (1998) compared growth efficiency estimated from stem diameter growth and sapwood area of symptomatic and asymptomatic Douglas-fir (Pseudotsuga menziesii D. Don) in an experimental forest in Oregon affected by Armillaria ostoyae root disease. They found that trees that had recently died due to root rot or where symptomatic had reduced growth efficiency in the two to four years prior to death or before symptoms occurred in comparison with asymptomatic trees. However, no differences were found in growth periods more than four years before. They also found that growth efficiency and Armillaria disease incident were both higher on thinned plots than on control plots. Cherubini et al. (2002) compared the growth of alive mountain pine trees at the Swiss Level II site 'Nationalpark' with trees that had recently died and were either infected with Armillaria spec. root rot or with Heterobasidion annosum root rot. They found that growth decreased in infected trees years before tree death occurred and observed frequent missing tree rings. However, the majority of the trees with Annosum root rot showed abrupt growth decline in the last years before tree death, while none of the trees infected by Armillaria had abrupt growth decline. Instead the trees infected by Armillaria, which were all below average in size, showed a steady decline in stem growth. They concluded that Heterobasidion annosum caused tree death of average sized trees, while Armillaria was either weakly pathogenic, or infected only trees that were dying due to increasing competition.
At the Swiss Level II site 'Visp' a majority of the Scots pines are infested by pine mistletoe (Viscum album ssp. austriacum, Dobbertin et al. 2005) . Pine mistletoe, as a hemi-parasite, is able to photosynthesize but needs to take water and nutrients from its host tree (Calder and Bernhardt 1983) . The nutrient uptake of the mistletoe requires a high amount of water and thus increases water stress in host trees. During a drought, when the tree reduces its transpiration rates by closing its stomata, the mistletoe continues to transpire and increases the drought stress further (Fischer 1983) . Basal area growth for the period 1996-1999 in percent of the basal area in 1996 was compared for pines assessed in 1998 as infected by mistletoe and those without mistletoe grouped by classes of similar size and crown transparency (Table 2) . Trees with mistletoe showed lower relative basal area growth in each class, although the relation was not significant for medium-and large-size trees. Given the same defoliation class, trees with mistletoe displayed reduced growth, suggesting that mistletoe caused the observed growth reduction. These results agree with a study by No¨tzli et al. (2003) who compared stem growth of silver fir without mistletoe (Viscum album ssp. abietis) infection with growth of infected trees before and after infection. They found no differences in proportion of trees with a negative growth trend between uninfected trees and infected trees prior to the start of the infection but significantly more declining growth trends for infected trees following the infection. The above studies show that tree growth can be used to differentiate between diseased and non-diseased trees. However, tree growth may not always be used to determine if trees are predisposed for a certain disease.
In addition to biological stress and climatic stress (see next chapter) changes in environmental condition can result in increasing stress to trees. Anthropogenic stress such as high concentrations of air pollution or high acidic or high nitrogen depositions may also affect tree vitality. On the Pan-European Level I grid crown transparency and its changes have been monitored and related to anthropogenic stresses, meteorological stress factors and soil conditions . While most of the variation in crown transparency seemed to be due to methodological assessment difference between countries and tree age differences, some significant effects of anthropogenic stresses and climatic factors on defoliation were identified on regional levels . In order to contribute to a better understanding of the impact of air pollutions and environmental conditions on forest ecosystems, including forest growth, the Pan-European Level II Programme was implemented (de Vries et al. 2003a, b) . A first calculation of wood volume and carbon pool storage in trees and soils and five-year changes on Level II sites is given in de Vries et al. (2003c) . However, the implications of anthropogenic deposition on tree growth are often difficult to discern in correlative studies (van der Eerden et al. 1998 ).
Long-term experimental studies can help to gain further knowledge. Tveite et al. (1990) examined experimental Scots pine plots treated with artificial acid rain and/or lime in Norway. They found in the first 2 years stimulated stem growth with increasing acid loadings, but after five years growth declined. Liming resulted in positive effects 9 years after treatment. The growth reactions seemed to correspond to the nutritional status of the trees. A long-term nitrogen fertilizer experiment (50 and 150 kg N/year and ha) at the Harvard forest LTER site resulted in decreased growth and subsequent high mortality in red pine forests, while the mixed hardwood forests originally responded with increased growth (Magill et al. 1997 ) However, following a severe drought the mixed hardwood forest with high N treatment is now also experiencing high mortality rates (Magill et al. 2004 ).
Comparing tree growth before during and following assumed stress
The effect of stress on tree growth can be tested by comparing growth before, during and following a known stress, such as drought or defoliation by insects. Commonly tree-ring analysis has been applied to examine the effect of stresses on past tree growth (Bigler et al. 2005 , Krause et al. 2003 , Pedersen 1998b , Schweingruber 1996 , Swetnam and Lynch 1993 . Defoliation by insects has been shown to affect tree growth and can be reconstructed from tree rings (Rolland et al. 2001 , Weber 1997 , Kulman 1971 . For example, periodic reoccurring insect outbreaks by larch bud moth (Zeiraphera diniana Gn) in the European Alps lead to reduced ring width in European larch (Larix decidua Mill, Rolland et al. 2001 ). Next to the Swiss Level II site Celerina the 7-10 year outbreak cycle (Baltensweiler and Rubli 1999) lead to substantially reduced ring width during and one year following the outbreaks (Fig. 4) . The question is whether the reduced ring width is also an indicator of reduced vitality. During the severe 1972-74 outbreak with large reduction in tree-ring width, substantial tree mortality was reported in the vicinity of the site (Baltensweiler 1975) . On the other hand the 1989 outbreak, collapsed in 1990 because of bad weather conditions (Baltensweiler 1993) and resulted only in a minimal growth reduction and no mortality. As the effect of the outbreaks is usually compensated during non-outbreak periods, the five-year growth intervals mandatory on Level II plots are not sufficient to detect the effect during outbreak years.
It is well established that tree stem growth is effected by the weather conditions of the growing season and of years prior to it (Schweingruber 1996 , Spiecker 1995 The example given above also shows that the timing of the stress and the time selected to measure its effects are important. While spring drought affects the elongation and development of young needles and leaves (Grill et al. 2004 , Raison et al. 1992 , late summer drought results in insufficient storage for buds and causes reduced shoot length the following year (Lof and Welander 2000) . Drought during the previous fall and current spring, and heat during the current summer can reduce current tree stem growth (Rigling et al. , 2003 , while summer drought may cause increased needle fall the following winter (Solberg 2004) . Comparing expected average growth with actual growth Another way to determine reference growth is to develop tree growth models and to compare the differences of actual growth against predicted growth by the model. For example, an empirical individual-tree based regression model can be fit to account for tree size, stand density and site conditions to take into account the general growing conditions (Monserud and Sterba 1996) . Deviations of actual growth from the model can subsequently be tested against other tree condition variables or changing environmental conditions or stresses (Spitzbart and Sterba 2004 , Solberg and Tveite 2000 , Steyrer 1996 ). Spitzbart and Sterba adapted the empirical individual-based tree growth model Progneu (Monserud and Sterba 1996) to five-year growth data from Level II plots of Norway spruce and common beech in central Europe (Spitzbart and Sterba 2004) . They included variables for tree size, current and past tree competition, plot density, site quality indicators and general climate factors. Residuals of the model, summed up per plot, were then compared with actual weather conditions during the five-year growing period and against deposition of sulphur and nitrogen. Actual growth for Common beech under high N or S deposition was less than estimated by the model suggesting reduced growth under high deposition loads. For spruce no clear correlation was found between growth residuals and deposition loads. Solberg et al. (2004) calculated 5-year basal area increment for Level I plots and other long-term observation plots ('officer plots') in Norway for Norway spruce and Scots pine and compared it with predicted increment from standard Norwegian growth models that use site index, stand age and stand density variables as input variables. They found that the actual growth in percent of the predicted growth was positively correlated with N deposition and soil N content and negatively with soil C/N ratio, suggesting a fertilizing effect of N.
Long-term growth changes
The scenarios of a general decline in forest growth in Europe in the 1980s have not materialized. On the contrary, since the early 1990s several reports of higher growth of forest stands in comparison with previously derived yield tables were published (Scho¨pfer et al. 1997 , Spiecker et al. 1996 , Spelsberg et al. 1995 , Pretzsch 1992 . The report by Spiecker et al. (1996) found growth increases for some Central European countries, while the studies on growth in the Nordic countries were not conclusive. However, neither the possible causes nor the consequences of the findings could be analysed. A second EU-project (RECOGNITION) was launched to gather more data and to determine the possible causes of these growth increases. The project included the retrospective analysis of height growth on selected ICP-Forests Level II sites. Herein, dominant trees next to Level II sites in young and old stands with same site conditions were felled and their past height development was reconstructed from stem disks. The current height growth of young Scots pine, Common beech and Norway spruce was compared with that of older trees when they were of the same age. It was found for all species that growth was around 25% higher today than in the past (from Spiecker and Kahle in Lorenz et al. 2004 , see example in Fig. 6 ). At the Swiss Level II site Othmarsingen the 50-year-old beech trees were found to be almost 30% taller than near-by 150-year-old beech trees when they were 50 years old around 1900 (data from RECOGNITION, Fig. 6 ). The authors of the REC-OGNITION project concluded that nitrogen deposition appears to be the main cause of the observed height growth increase (EFI 2002) . Independent of the possible causes for this increased height growth, the question arises of what this increase means in terms of tree vitality. Does increased stem growth automatically mean higher vitality? The question cannot directly be answered here, in particular as no information on the growth and vitality of the belowground tree parts is available (Brunner et al. 2002, Clemenssonlindell and Persson 1995a) . Vitality, as defined earlier, includes the probability to survive stress. It is well known that, given the same age, the risk of wind damage increases with increasing tree height (Dobbertin 2002 , Ko¨nig 1995 . If nitrogen deposition will in the long run result in an increase in above-ground and/or belowground carbon storage or none at all is still controversial (see de Vries 2003c for a discussion). Results from nitrogen fertilizer experiments indicate that although above-ground stem growth increases, root growth may decrease Persson 1995a, Clemenssonlindell and Persson 1995b) and root mortality may also increase (Persson and Ahlstrom 2002) . Growth of woody tissues may be competing with production of defensive compounds (Baier et al. 2002 , Waring 1987 and thus increased growth due to change in environmental conditions could mean reduced defence against pathogens or insect attacks. Increased growth due to increased nitrogen depositions may also reduce the frost and drought resistance of trees (Jonsson et al. 2004) . However, other long-term studies on fertilizer experiments record increased growth and increased indicators of tree vitality in fertilized plots (Wargo et al. 2002 , Weetman et al. 1997 , Flu¨ckiger and Braun 1995 , Filip et al. 1992 , Waring et al. 1992 , Proe et al. 1992 , Spiecker 1990 ). Spiecker (1990) found only a short-term growth stimulation for Norway spruce in the Black forest following one-time N fertilization, while Ca-and Ca+P-fertilization resulted in long-lasting growth increases. The changing effects of the long-term N-fertilization experiment at Harvard forest on tree growth and mortality were discussed earlier (Magill et al. 1997 (Magill et al. , 2004 . Comparable to the Harvard experiment, Juknys et al. (2002) report for Scots pines growing next to an N-fertilizer plant three distinct growth reaction periods: fertilization, depression and recovery following emission control measures. Most experimental studies with enhanced CO 2 -concentration on tree seedlings and saplings report a stimulation of stem growth in the first years of the experiment followed by an adaptation of growth in subsequent years (Janssens et al. 2005 , Riikonen et al. 2004 , Spinnler et al. 2003 , Ceulemans et al. 2002 , Broadmeadow and Jackson 2000 , while carbon allocation to leaves and roots was often permanently increased (Janssens et al. 2005 , Norby et al. 2002 , Broadmeadow and Jackson 2000 . The few studies on mature trees, either in field experiments or next to natural CO 2 -springs, suggest either a response to CO 2 in stem growth only for young trees (Hattenschwiler et al. 1997) or no response at all (Rasmussen et al. 2002 , Tognetti et al. 2000 . Therefore, growth changes due to changes in environmental conditions must be interpreted with great caution and with a long-term perspective.
Conclusions
International research results and examples from extensive and intensive monitoring plots in Switzerland illustrate how tree growth and transparency can serve as tree vitality or stress indicator depending on the type and extent of the stress factor. Depending on the time of the stress and the tree compartments affected by the stress, transparency or tree growth may complement each other as stress indicators. For example, defoliation by insects becomes first visible in crown transparency while stem growth reaction occurs with delay. On the other hand, extreme summer drought as in 2003 affected tree stem growth almost immediately, while foliage reduction occurred either late in the season or not at all.
Important for any potential vitality indicator is the comparison with a suitable reference. Depending on the aim of the study the references used can be the growth of trees without a presumed stress, growth of presumed healthy trees, growth in a presumed stress-free period or expected growth derived from models. The general disadvantage is that no absolute growth reference is available.
Some stresses, such as competition, root rot or mistletoe occurrence are affecting the tree over longer time periods and can thus be detected in five-year measuring intervals. Other stresses such as drought or insect defoliation cause immediate reactions and are not detectable in five-year growth intervals. Therefore, annual or interannual stem growth assessment is needed in long-term monitoring plots. Annual tree-ring widths can be used, but their sampling has the disadvantage of being destructive and can therefore only be used retrospectively. However, they may allow estimation of survival probabilities of trees and add useful information to growth assessments on monitoring plots. Residuals of empirical tree-growth models accounting for tree size and between-tree competition with actual growth can also serve as indicators of changing environmental conditions.
The examples of various reactions of tree growth to environmental stress illustrate that tree growth can serve as a vitality indicator if reference growth or growth trends are available. It is noteworthy that not every stress is necessarily negative for the trees, but can instead induce increased resistance to stress (Kozlowsky and Pallardi 2002, Larcher 2001 ). Short-term stress reaction may therefore not coincide with long-term change in tree vitality. Growth changes must therefore be interpreted with a long-term perspective.
Tree growth and crown transparency may complement each other, but they are both not cause-specific indicators of stresses. It is therefore important to also Height of young trees at age 50
Height of old trees at age 50 Fig. 6 Mean height growth development of five young and five old common beech trees (Fagus sylvatica) against age on and next to the Swiss Level II site Othmarsingen (Data from RECOGNITION, Spiecker and Kahle) monitor the possible stress factors and environmental conditions affecting tree growth and crown transparency.
